Abstract-A new method of estimating lower limbs orientations using a combination of accelerometers and gyroscopes is presented. The model is based on estimating the accelerations of ankle and knee joints by placing virtual sensors at the centers of rotation. The proposed technique considers human locomotion and biomechanical constraints, and provides a solution to fusing the data of gyroscopes and accelerometers that yields stable and drift-free estimates of segment orientation. The method was validated by measuring lower limb motions of eight subjects, walking at three different speeds, and comparing the results with a reference motion measurement system. The results are very close to those of the reference system presenting very small errors (Shank: rms = 1 0, Thigh: rms = 1 6 ) and excellent correlation coefficients (Shank: r = 0 999, Thigh: r = 0 998). Technically, the proposed ambulatory system is portable, easily mountable, and can be used for long term monitoring without hindrance to natural activities. Finally, a gait analysis tool was designed to visualize the motion data as synthetic skeletons performing the same actions as the subjects.
I. INTRODUCTION
H UMAN motion capture and its visualization are usually performed based on camera, magnetic and ultrasound systems [1] , [2] . Although these standard technologies allow a complete three-dimensional (3-D) kinematics of body segment they require a dedicated laboratory where the subjects should walk in a predefined specific path, and assume that data measured from only a few seconds are representative of usual performance. This constraint beside the time needed for the analysis and also the cost of these technologies has limited the use of these standard technologies in clinical practice. Ambulatory monitoring of body movement takes a different approach: collecting data B. M. Jolles is with the University of Lausanne (CHUV), Hôpital Orthopédique de la Suisse Romande, 1011, Lausanne, Switzerland (e-mail: brigitte.jolles-haeberli@chuv.ch).
E. Casanova from body-fixed sensors in the natural environment of the subject. In this regard, movement analysis using body fixed inertial sensors as a complementary method has many potential in clinical field [3] , [4] . While standard technologies provide directly body segment position and orientation relative to a fixed referential, the outputs of inertial sensors are rather relative angles, segment acceleration or velocity. Finding 3-D segment orientation, absolute angles and complete kinematics are a major difficulty when using body fixed inertial sensors.
Orientation angle estimation using inertial sensors, consisting of accelerometers and/or rate gyroscopes has been studied by many authors. In fact, both an accelerometer and a gyroscope can measure orientation angle of a segment. However, an accelerometer is slow in response and sensitive to linear accelerations, and a gyroscope suffers from slow drift and unknown initial inclination [5] - [7] . In order to eliminate gyroscope drift, Morris [8] identified the beginning and the end of the walking cycles, and made the angle signal at the beginning and the end of the cycle equal. Tong et al. [9] applied a low-cutoff high-pass filter on the shank and thigh inclination angle signals. Time-frequency analysis (wavelet transform) was also applied to lower limb angular velocity in order to remove the drift [10] . However, all of these methods remove the dc and low-frequency information of angles. Heyn et al. [11] showed that shank and thigh inclination could be measured with eight accelerometers and two gyroscopes fixed on two rigid metal plates. They found that using these metal plates was cumbersome. Many authors designed Kalman filters to fuse gyroscope, accelerometer, and/or magnetometer signals [5] - [7] , [12] - [15] . However, the performance of the filter will considerably be reduced in measuring orientation angle of segments, like shank, with fast movements and large centripetal acceleration components [5] , [7] .
We have recently proposed a method to estimate uniaxial joint angles based on two sensor modules, mounted on the shank and thigh, each containing two accelerometers and one gyroscope [1] . By considering the two-dimensional (2-D) model of segments, we calculated the expected signals of virtual sensors placed at knee joint with respect to the physical sensors. The method of estimating joint angle, however, does not estimate orientations of shank and thigh segments with respect to a fixed frame.
This paper presents a new complementary method to estimate shank segment orientation in sagittal plane during walking, and subsequently calculate thigh angle by adding the two values of shank and knee angles. We provide a solution to fusing data from a gyroscope and a biaxial accelerometer that provides stable estimates of the segment orientation. The fusing method considers human locomotion and biomechanical constraints, and incorporates excellent dynamic response of gyroscopes and stable drift-free performance of accelerometers. A geometric calibration is needed to give position of sensors to the model. These parameters are obtained by photography. Finally, we designed a gait analysis tool to visualize the motion data as synthetic skeletons performing the same actions as the subjects.
II. METHODS

A. Estimation of Shank Orientation
To estimate orientation of shank segment, the kinematic data of the sensor module placed on shank at point was processed (Fig. 1) . The sensor module consisted of a biaxial accelerometer and a gyroscope. Both the gyroscope and accelerometer signals contain information about the orientation of the sensor [15] . A gyroscope signal is the sum of angular velocity and a slowly varying offset (1) where the offset is caused by electronic bias error and deviation from the sensing axis [1] .
The sensor orientation can be obtained by integration of the gyroscope signal (2) where including both offset and drift, distorts the sensor orientation.
On the other hand, a single-axis accelerometer measures the difference of acceleration and gravity along its sensitive axis given by the unit vector . The measured signal can, thus, be expressed as (3) Similarly, by considering a biaxial accelerometer with sensitive axes along and , the two measured signals were given by (4) respectively.
The acceleration vector can be rewritten in polar form (5) where and represent for modulus and argument of . The gravitational component can be used to make an estimation of the inclination angle [16] , [17] . The inclination is defined as the angle between the sensor axes and the horizontal plane. If the acceleration is small compared to the gravity , the accelerometer can be used as an inclinometer, and the inclination angle is equal to the argument . The problem is of course that when the segment is accelerated, the accelerometer is not an accurate inclination sensor [6] . When the acceleration is low, the amplitude of accelerometer corresponds rather to the gravity constant , this is a necessary condition to detect low acceleration intervals. However, this condition alone is not enough. Since a body segment cannot sustain a constant linear acceleration very long with no rotation; therefore, the rule for detecting low acceleration is to demand for a certain amount of time [6] , [7] , [18] . In order to fuse the data from gyroscope and accelerometer, the constraints of having low accelerations on ankle during foot flat periods of gait and also during quiet standing were applied. In foot flat periods, the entire foot comes in contact with the floor and the shank segment performs a pure rotation around ankle joint, while the ankle joint does not move. In quiet standing periods, the shank segment has no rotation or translation.
Since the magnitude of acceleration on ankle is low during foot-flat and quiet standing periods, a virtual accelerometer placed on ankle and aligned with the shank segment orientation is a good estimator of inclination during those periods. Therefore, the first step was to calculate the expected signals of a virtual sensor placed on the ankle joint at point , and aligned with the shank segment orientation. The relationship between the virtual sensor and the physical sensor on shank could be derived from [1] as (6) where and are physical accelerometer readings; and are virtual accelerometer readings. and are axis rotation matrices of the physical and virtual sensors in relation to the direction of vector by angles and , respectively (see also Fig. 1 ). It is assumed that the two sensors are fixed on a rigid segment, so their distance is constant, and both sensors have identical angular velocities . So the Coriolis term will not appear in (6) .
Similarly, the virtual acceleration vector on ankle can be rewritten in polar form (7) where and represent for modulus and argument of . The second step was to detect the periods when the magnitude of translational acceleration on ankle is low. This magnitude could be expressed as (8) Then, the two necessary conditions for detecting low acceleration periods were applied on the magnitude signal . The first condition was to find the periods when is small. So a binary mask was defined such that it has value "1" during low acceleration periods, and "0" otherwise. The mask can be obtained by thresholding the magnitude signal . However, selection of an appropriate global threshold is difficult, and varies from subject to subject and for different walking speeds. So, instead of using a single threshold value, a hysteresis thresholding method [19] was applied on to obtain the mask (9) where ("hard" threshold) and ("weak" threshold, ) are small constant parameters chosen heuristically. All values in the magnitude signal having a value less than are immediately accepted ("secure" values). Conversely, all values greater than are immediately rejected. "Potential" samples with values between both thresholds are accepted if they are connected to secure samples by a path of potential samples. Hysteresis thresholding is more immune to noise than simple "hard" thresholding. It helps to ensure that a noisy interval (e.g., foot flat) is not broken into multiple fragments and preserves the connectivity of the mask.
The second condition for detecting low acceleration intervals was to select only the high state periods in the mask that persists for at least a certain amount of time . So narrow pulses shorter than in the mask were eliminated. This was performed by applying a morphological "Opening" filter [20] on with window size to obtain the mask
The window size was heuristically chosen as 0.1 s. Based on the given conditions, the shank orientation angle, estimated by the virtual accelerometer on ankle , was valid during the period where the resulting mask had value equal to 1. These valid values of were used to correct the drift in the estimated shank angle using the gyroscope (11) where represents for the drift signal expressed in (2) . In order to estimate the drift at "unknown" times, first the signal at known times were smoothed by applying a secondorder Butterworth lowpass filter. This operation would not lose any information in the signal, because the drift was expected to have low variations in time. Then an interpolation technique based on piecewise cubic hermite interpolation was applied on the drift signal at known intervals [21] . The resulting interpolant has no overshoots or oscillations during unknown times, and preserves monotonicity in the signal.
This drift is then subtracted from the angle estimated by gyroscope to yield absolute shank angle at all times (12)
B. Estimation of Thigh Orientation
We proposed in [1] a method of measuring knee joint flexion-extension angle based on two modules of sensors placed on shank and thigh. We considered the 2-D model of segments, and calculated the expected signals of virtual sensor modules placed at knee joint with respect to the physical sensor modules. The method was validated by measuring knee flexion-extension angles during walking at different speeds. Joint motion is actually the relative motions between the articulating segments. So considering the thigh segment as an articulated rigid segment connected to the shank segment, the relative motion of thigh to shank could be expressed with knee joint motion , and hence the orientation angle of thigh segment with respect to horizontal frame could be given by (13) 
C. Test Protocol
Eight healthy subjects, who had given informed consent, participated in this experiment, 5 men and 3 women, aged between 44 and 70 yr . The volunteers performed three 30-s flat treadmill walking trials at speeds 2, 3, and 4 km/h, wearing their sport shoes.
To capture lower limbs activities, four sensor modules, each containing two accelerometers and one gyroscope, were used. Dual axis accelerometer chips ADXL202/210 and yaw rate gyro chips ADXRS150/300 were chosen. Temperature drift rates were less than 0.1 /s for the gyroscopes and few mg for the accelerometers. The sensors (dimension:
) were mounted on both shank and thigh segments using straps (Fig. 2) . However, for validation with the reference system, only the data of left shank and thigh were used. The sensing axes were adjusted in the anterio-posterior plane so that the motion in the sagittal plane could be measured. All signals were sampled at 200-Hz using the Physilog [BioAGM, CH] ambulatory system carried on the waist [22] A geometric calibration was required to obtain position of sensors with respect to anatomical landmarks. This information was then given to our proposed models to estimate the expected virtual sensor readings shifted to the ankle and the knee joints respectively. So before the walking trials, three small markers were pasted over the left lateral malleolus , the lateral epicondyle , and the junction of the first and second proximal lateral third of the thigh (Fig. 2) . Then, the subject stayed for a few seconds ( 5 s) at standstill, while the system was recording kinematic parameters, a lateral view photograph was taken as well. The camera's image plane was adjusted to be in parallel with sagittal plane to avoid perspective errors. The known length of the metal frame (70 cm height) was used to calibrate the photo from pixels to metric units. This image was used to estimate the coordinates of markers and kinematic sensors. The accelerometer's readings during standstill were used to estimate the sensor's orientation with respect to horizontal plane. The calibration procedure is simple and can be completed within less than 60 s. It is not critical to find exact positions of markers (P1, P2, and P3). For example, moving the markers 1 cm in each direction causes very minimal changes in the segment angles (less than 2 ).
The angles and , and the length were calculated afterwards to be used in (6) . The angle was obtained by calculating the difference between inclination angle of the sensor and the vector (14) Fig. 3 . Physical sensor readings on shank during walking at 3 km/h. The sensor module consists of two accelerometers (S and S ) and a gyroscope (!).
where
, and are averages of the 2-D accelerometer readings during the standstill trial.
The angle was obtained from the dot product formula (15) where , , and finally . For comparison, a Zebris CMS-HS (Zebris, D) ultrasoundbased motion measurement system was used as the reference system [23] . This system consists of three fixed sonic emitters which send out a burst of ultrasound, and receivers placed on body segments. The time taken for the burst to reach each receiver is recorded. Using this delay, the distances between the receiver and each emitter can be calculated from the sound velocity. Knowing the distance from three emitters, the coordinates of the receiver placed on body segment can be computed by triangulation with an absolute accuracy better than 1.0 mm [24] , [25] with a sampling rate of 100 Hz. In this study, three ultrasound receivers were attached over the same adhesive markers ( , , and ). Spatial marker positions ( ) were recorded and used for calculation of shank and thigh orientation angles. Synchronization between the reference and the Physilog systems was performed by electrical trigger. The angle data obtained by the body-fixed sensors were down sampled to 100 Hz for comparison purpose.
D. Data Analysis
Matlab was used for all signal processing. A third order Savitzky-Golay filter [26] was applied to smooth the accelerometers and gyroscopes signals. For comparison with the reference system, the error signal was defined as the difference between the time series angle obtained by the proposed method and the reference system.
The accuracy of the results was calculated in terms of RMS, mean, and standard deviation of the error signal , as well as correlation coefficient between the orientation angles obtained by the proposed method and the reference system's data.
III. RESULTS
A. Estimation of Shank and Thigh Orientations
The main steps of calculating shank angle during typical walking trail at 3 km/h are shown in Figs. 3-8. Figs. 3-5 indicate how the magnitude and phase of the virtual sensor on ankle are derived from the measured accelerometer and gyroscope signals. The measured accelerometer and gyroscope signals on shank (Fig. 3) are transformed to the virtual accelerometer reading on ankle (Fig. 4) using (5) . The polar representation (modulus, argument) of the virtual accelerometer (Fig. 5) is then obtained using (6). for hysteresis thresholding. The result of hysteresis thresholding is the binary mask [ Fig. 6(b) ]. The second step applies a morphological opening filter on to eliminate narrow pulses shorter than [ Fig. 6(c) ]. Fig. 7 shows how the two angle information obtained by gyroscope and virtual accelerometer are combined to estimate the offset and drift . The process consists of subtracting the two signals using (11) followed by applying the piecewise cubic hermite interpolation. The estimated drift is then used to calculate the correct orientation of shank using (12) . The comparison between the reference angles and the measured angles using the proposed method for shank motion is shown in Fig. 8 . The error is defined as the difference between the shank orientation angle estimated by the proposed method [ Fig. 8(a) ], and calculated from position data as measured by the reference system [ Fig. 8(b) ]. It can be seen that the value of the [ Fig. 8(c) ] is very small ( 1.2 ). Similarly, the thigh orientation angle , calculated using (13) , is compared with its corresponding reference angle as shown in Fig. 9 .
The whole results of the validating shank and thigh angles with reference system are summarized in Table I , which outlines the mean and standard deviation of root-mean-square errors (RMSEs) and correlation coefficients of all subjects. The average RMSE for shank angles was 1.0 ( , ) and the average correlation coefficient was 0.999. In the same way, the average RMSE for thigh angles was 1.6 ( , ) and the average correlation coefficient was 0.998.
B. Visualization
Our system was tested on actual patients at the University Hospital (CHUV-HOSR). Because curves such as those produced by our system are not that easy to interpret even by physicians who are well trained in its use, we have developed the tool depicted by Fig. 10 . It visualizes the outcome of clinical protocols and provides useful information for functional assessment of patients with hip or knee arthroplasty.
Given the absolute shank and thigh angles, we can produce animations such as the one Fig. 10 . The lower-limb segments are modeled as a kinematic chain of articulated rigid links, whose position is specified by a set of angles. Our model contains 6 joints-hips, knees and ankles. The animation software takes data in the form of 2-D sagittal orientation angles, transforms them into quaternions [27] , and computes the skeleton's configuration and position at each frame.
The tool gives the physician visually appealing and easy to interpret information about how the patient performs several activities such as walking at different speeds or climbing ramps and stairs. Because the animated skeleton is 3-D it can be viewed from arbitrary angles, thereby further helping the physician to interpret the results. In addition, the visualization tool's interface lets us evaluate the progression of the same patient over time by superposing several skeletons, as shown in the rightmost window of Fig. 10 . To this end, a time-normalization of gait cycles was performed by detecting heel strike instances [22] before superposing the two cycles. The black skeleton corresponds to the baseline and the gray one the patient's condition 6 mo after surgery. This tool allows for better evaluation of the patient's medical needs after surgery and is already used by CHUV-HOSR clinicians.
IV. DISCUSSION AND CONCLUSION
The proposed method based on body-fixed sensors gave an accurate estimation of lower limbs orientations during gait. The results of all tests (Table I) were very close to those of the reference system presenting small errors in RMS, mean, and standard deviation of the difference signal, reflecting accurate and precise estimates respectively; and excellent correlation coefficients reflecting highly linear response.
Our method compares favorably with other methods used to estimate shank or body segment orientation. Mayagoitia et al. [28] showed that shank and thigh inclination angles can be measured with the need of signal integration with eight accelerometers as wells as two gyroscopes fixed on two rigid metal plate. They found that RMSE for shank ranges from 1.3 to 2.7 . Using single gyroscope on shank, Tong and Granat [9] estimated the RMSE of relative shank angle (not absolute) to around 4.95 while using two gyroscopes (shank and thigh) we had previously found for arthritis patients standard errors of 3.3 and 4.2 , respectively, for relative shank and thigh orientation [10] . In comparison with the methods using Kalman filtering, the proposed method has faster response, no phase delay, no convergence problem, and less computational load. Although the Kalman filter can have a higher accuracy in many applications, and can even be applied in real time, the performance of the filter will considerably be reduced in measuring orientation angle of segments, like shank, with fast movements and large centripetal acceleration components [5] , [7] . Many authors designed Kalman filters to fuse gyroscope, accelerometer and/or magnetometer signals [5] - [7] , [12] - [15] . However, the performance of the filter was only validated on the motions of segments such as trunk or head, which have relatively slower motions than shank and thigh. Nevertheless, the presented algorithm in this paper is limited to postprocessing of data, and the time lag to find low acceleration points is an inevitable consequence.
In contrast to the method presented in [1] for measuring joint angle, the proposed method in this paper requires to find low acceleration points in order to measure orientation of a segment with respect to a fixed frame. Joint angle is the relative angle of two connecting segments with a known center of rotation at the joint point. So, a pair of virtual sensors could be placed at the joint center of rotation to find joint angle [1] . A similar concept was used in this paper to find orientation of a segment by considering it as the joint angle between the segment and a fixed frame. However, a freely moving segment has not a constant center of rotation. So only at zero motion points the assumption is valid as the center of rotation is known.
From a practical standpoint, misalignment of the sensors or sensor deviation during movement reduces the system's accuracy, such that the sensor reading is multiplied by the cosine of the misalignment angle . However, this will not seriously disturb the signals, since if is sufficiently small. The accuracy of the angles are still limited by the bias drift of the accelerometers, however it is much less severe than integrating gyro drift. In addition, skin motion artifact, a common source of error to all body mounted devices, affects the measurement accuracy. The thigh sensor is more susceptible to skin and soft tissue artifact where the majority of the femur is concealed by a substantial amount of soft tissue [29] - [31] . The effect of skin artifact was minimized by using adequate elastic band to fix the sensors, and applying low-pass filtering on the raw signal.
The results show that using gait constraints imposed by ankle joint, and virtually placing an accelerometer on ankle, can improve the accuracy of the measurements. In addition, the information of the virtual sensor on ankle can further be used to detect foot-flat phases. Identifying the foot-flat phase (loading response) of the gait cycle is one of the most demanding tasks in the study of human locomotion [32] , [33] .
The resulting ambulatory system is light (300 gr) and easily mountable, which allows long-term monitoring without hindrance to the natural gait [22] . The gait visualization tool for lower limbs angle tracking gives the physician an intuitive information about how a patient performs several activities. This visual information has proved very useful in an actual hospital setting to help physicians interpret the kinematic curves.
The current model is limited to 2-D sagittal measurement of lower limbs. However, in gait analysis, a 2-D sagittal approach seems to be satisfactory, because sagittal plane is the plane where majority of the movement takes place, and gives a lot of information for gait pathologies [9] . Therefore, many applications in gait analysis and orthopedics are concerned with the proposed method. For example, lower limbs absolute angles can be used to provide outcome evaluation after orthopedic surgery since there is a correlation between functional improvement found by clinical Harris hip scores (HHSs) [34] and range of flexion of the thigh ( and ) in arthritis patients [35] . Moreover, main activity such as lying, sitting, standing, walking, and stair climbing can be identified by a subtle combination of the shank, thigh, and knee angle in sagittal plane [33] , [36] and provide in this way useful outcome for mobility improvement after hip arthroplasty.
However, the approach could be extended to frontal plane analysis to obtain a quasi-3-D reconstruction by employing 3-D gyroscopes and accelerometers on each site. Furthermore, we are also working on recovering motion in the frontal plane by combining the information provided by body-fixed sensors with image-data from inexpensive and commercially available synchronized cameras [37] , [38] . This extended approach should let us incorporate full 3-D motion into gait analysis and will be the subject of future work. 
